Diversifying the secretory routes in neurons by José I. Valenzuela & Franck Perez
MINI REVIEW
published: 07 October 2015
doi: 10.3389/fnins.2015.00358
Frontiers in Neuroscience | www.frontiersin.org 1 October 2015 | Volume 9 | Article 358
Edited by:
Catherine Rabouille,
Hubrecht Institute, Netherlands
Reviewed by:
Alfredo Cáceres,
INEMEC-CONICET, Argentina
Cyril Hanus,
Max Planck Institute for Brain
Research, Germany
*Correspondence:
Franck Perez,
Institut Curie, Centre National de la
Recherche Scientifique -UMR144, 26
Rue d’Ulm, F-75248 Paris Cedex 05,
France
franck.perez@curie.fr
Specialty section:
This article was submitted to
Neurodegeneration, a section of the
journal Frontiers in Neuroscience
Received: 11 August 2015
Accepted: 18 September 2015
Published: 07 October 2015
Citation:
Valenzuela JI and Perez F (2015)
Diversifying the secretory routes in
neurons. Front. Neurosci. 9:358.
doi: 10.3389/fnins.2015.00358
Diversifying the secretory routes in
neurons
José I. Valenzuela 1, 2 and Franck Perez 1, 2*
1Cell Biology Department, Institut Curie, PSL Research University, UMR144, Paris, France, 2Dynamics of Intracellular
Organisation, Centre National de la Recherche Scientifique -UMR144, Paris, France
Nervous system homeostasis and synaptic function need dedicated mechanisms to
locally regulate the molecular composition of the neuronal plasma membrane and allow
the development, maintenance and plastic modification of the neuronal morphology. The
cytoskeleton and intracellular trafficking lies at the core of all these processes. In most
mammalian cells, the Golgi apparatus (GA) is at the center of the biosynthetic pathway,
located in the proximity of the microtubule-organizing center. In addition to this central
localization, the somatic GA in neurons is complemented by satellite Golgi outposts
(GOPs) in dendrites, which are essential for dendritic morphogenesis and are emerging
like local stations of membranes trafficking to synapses. Largely, GOPs participation in
post-ER trafficking has been determined by imaging the transport of the exogenous
protein VSVG. Here we review the diversity of neuronal cargoes that traffic through GOPs
and the assortment of different biosynthetic routes to synapses. We also analyze the
recent advances in understanding the role of cytoskeleton and Golgi matrix proteins in
the biogenesis of GOPs and how the diversity of secretory routes can be generated.
Keywords: secretory route, endoplasmic reticulum, Golgi apparatus, Golgi outposts, protein trafficking, neuronal
trafficking
Introduction
The directional relay of information in the nervous system requires morphologically asymmetric
synaptic contacts. Neurons are highly polarized cells composed of two major functional domains:
the somatodendritic compartment, responsible for receiving signals, and the axonal compartment,
responsible of transmitting information. In addition, neurons develop a diversity of functional
and morphologic subdomains (e.g., dendritic spines, synaptic buttons, Ranvier nodes, etc.), which
implies that, throughout their lifetime, neurons need to precisely control their local molecular
composition. Neurons mature from small symmetrical progenitors and increase by more than
200 folds their plasma membrane area to reach cellular surfaces more than 10,000 times bigger
than a typical epithelial cell (Horton and Ehlers, 2004). The intracellular machinery involved in the
acquisition, maintenance and plastic modification of neuronal morphology depends on the proper
coordination of the cytoskeleton and the intracellular membrane trafficking.
During neuronal development, fundamental processes such as axonal specification and
differential outgrowth of dendrites and axons critically depend on the supply of proteins
and lipids through the secretory route. It is composed of well-organized compartments that
include the endoplasmic reticulum (ER), the ER-to-Golgi intermediate compartment (ERGIC),
the Golgi apparatus (GA) and the trans-Golgi network (TGN), in addition to membrane-
bound intermediates that allow transport between compartments in a sequential and finely
controlled way. In morphologically non-differentiated neurons, the selective supply of post-Golgi
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vesicles to one particular neurite precedes its specification as the
future axon (Bradke and Dotti, 1997). Perturbing the secretory
pathway modulates axonal growth. For example, inhibiting
the activity of the Sar1 small GTPase, a primary component
for the COPII-mediated vesicular export from ER, generates
neurons with smaller axons while its overexpression produces
neurons with longer axons (Aridor and Fish, 2009). After axon
specification, inhibition of the secretory pathway by expressing
a GTPase deficient mutant of the Arf1 small GTPase, or by
blocking the post-Golgi trafficking using a kinase-dead mutant
of protein kinase D1 (PKD1), results in a decrease of dendrites
outgrowth (Horton et al., 2005). Interestingly, a genetic screen
carried out in Drosophila identified the homologs of Sec23, Sar1,
and Rab1 as essentials for dendritic arbors outgrowth, but not for
axons (Ye et al., 2007). These proteins are important for the ER-
to-Golgi transport mediated by COPII vesicles, hence revealing a
differential susceptibility of dendrites and axons to perturbations
of membrane traffic during development. Inhibition of the
secretory pathway in mature neurons still decreases the average
total dendritic length, indicating it is required to maintain the
dendritic arbor (Horton et al., 2005).
The number and density of neurotransmitter receptors
control the potency of synapses. Neurotransmitter receptors
supply thus needs to be regulated with a high spatiotemporal
precision (Kennedy and Ehlers, 2006). Although endocytosis and
recycling of synaptic receptors has been extensively studied, little
is known about their site of synthesis and secretory transport.
In this context, two neighbor synapses, separated by a few
micrometers, may present a very different protein landscape at
steady state. For example, one single spine contains between
several tens to several hundreds of glutamate receptors. Thus,
addition or removal of just a few receptors from the synaptic
surface may be enough to elicit changes in the neurotransmission
(Newpher and Ehlers, 2008) indicating that a tight control of
secretion and endocytosis has to be established. Indeed, the long-
term potentiation and the NMDA-induced increase of AMPA
receptors (AMPARs) expressed at the plasma membrane directly
depend on the secretory transport of AMPARs (Broutman
and Baudry, 2001), highlighting the relevance of intracellular
trafficking in neuronal physiology.
Here, we analyze the particular organization of the secretory
pathway in neurons, the different possibilities of cargo trafficking
that it offers and review recent evidences that help to understand
how this diversity is generated.
Organization of Secretory Routes in
Dendrites
In neurons, the general principles underlying the control
of the secretory pathway applies, but the arrangement of
secretory organelles presents unique particularities in terms
of the enormous distances involved and the distribution of
these organelles, particularly the GA (Horton and Ehlers, 2004;
Ramírez and Couve, 2011).
As in any eukaryotic cell, the starting point of the secretory
route is the ER, where the synthesis of most of membrane
and secreted proteins occurs. Electron microscopy (EM) studies
have reported the presence of a continuous endomembrane
network of ER that spans the neuronal arborescence including
soma, dendrites, axons, and in some cases reaching the inner
of dendritic spines (Tsukita and Ishikawa, 1976; Broadwell and
Cataldo, 1983; Spacek and Harris, 1997; Gardiol et al., 1999).
Regions with a higher complexity of ER network have been
described at dendritic branch points and near dendritic spines
(Cui-Wang et al., 2012). The ER found in the soma is mainly
composed of sheets of ribosome-decorated rough ER, while in
dendrites the ER is constituted mostly by tubules of smooth ER
running in parallel to the dendritic shaft with only few ribosomes
attached (Broadwell and Cataldo, 1983; Martone et al., 1993;
Krijnse-Locker et al., 1995; Spacek and Harris, 1997; Cooney
et al., 2002). mRNAs translation of transmembrane proteins have
been observed in dendrites and specialized compartments such
as ERES, have been shown to be functional in the dendritic arbor
(Gardiol et al., 1999; Aridor et al., 2004; Holt and Schuman,
2013).
The ERGIC is composed of long-lived structures that
constitute sorting stations of anterograde and retrograde cargoes
interconnected by highly mobile short-lived elements (Ben-
Tekaya et al., 2005; Appenzeller-Herzog and Hauri, 2006).
Several ERGIC markers are present in dendrites (Krijnse-Locker
et al., 1995; Torre and Steward, 1996; Gardiol et al., 1999)
forming stationary and mobile tubulo-vesicular structures whose
distribution reaches territories distant from the soma (Hanus
et al., 2014).
The GA is the main station of posttranslational modification,
maturation and sorting. It consists of a polarized arrangement
of stacked cisternae where occurs transport of proteins in lipids
emanating from the ER and destined to post-Golgi station and
the simultaneous retrograde flow of cargoes toward the ER
(Farquhar and Palade, 1998; Johannes and Popoff, 2008). In
neurons, as inmany animal cells, the GA is found in a perinuclear
area. In addition, a set of satellite Golgi outposts (GOPs) is
present in around 18% of dendrites of matures neurons (Horton
et al., 2005). 70–80% of mature hippocampal neurons display
GOPs, which are preferentially localized to first-order segment
of the apical dendrite in the cortex or to its corresponding
major dendrite in hippocampal neurons in culture (Horton and
Ehlers, 2003; Horton et al., 2005; Quassollo et al., 2015). They
are discrete structures, discontinuous with the somatic Golgi,
and some of them are composed of stacked cisternae (Horton
and Ehlers, 2004; Pierce et al., 2001). Markers of cis, medial,
and trans Golgi compartments have been detected in dendrites
by immunofluorescence and EM (Pierce et al., 2001; Horton
et al., 2005). Additionally, ER- and Golgi-dependent protein
glycosylation can be carried out in isolated dendrites (Torre
and Steward, 1996). Recent evidences point to the existence
of punctate single-compartment GOPs (scGOPs) in dendritic
shafts of Drosophila neurons in vivo in which cis, medial,
and trans cisternae are thought to be disconnected from each
other. This contrasts to multi-compartment GOPs (mcGOPs),
localized in both shafts and dendritic branch points, which are
organized as stacks in a GM130-dependent manner (Zhou et al.,
2014). Further research will be needed to decipher whether
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the proposed scGOPs are transport carriers cycling within the
secretory pathway or effectively correspond to bona fide GOPs.
The overall organization of secretory organelles in neurons
allows the co-existence of two major routes for the secretory
trafficking of proteins and membranes in dendrites, namely
canonical and local routes that differ in the alternative usage of
somatic GA or GOPs, respectively (Figure 1; Horton and Ehlers,
2003; Ramírez and Couve, 2011). The canonical trafficking is
similar to the trafficking occurring in non-neuronal cells: newly
synthesized secretory proteins are transported from the ER to
the perinuclear GA where they mature to be sorted in post-
Golgi intermediates to their insertion/secretion sites in later
compartments (the plasma membrane, endosomes, lysosomes,
etc.). In the local route, nascent secretory proteins are locally
translated into dendritic ER (dER) structures, or transported
inside the dER to peripheral sites. There, they are transported
from the dER to satellite GOPs, hence establishing a local
trafficking route for these cargoes in the dendritic compartment.
Diversity of Secretory Routes and Cargoes
in Neurons
ER-to-Golgi transport has been classically studied using
the thermosensitive mutant of VSVG (VSVGts045), a viral
glycoprotein which is retained within the ER at the restrictive
temperature of 39.5◦C. Switching to the permissive temperature
of 32◦C enables its rapid export from the ER and synchronous
FIGURE 1 | Diversity of the secretory routes in dendrites. Known and suspected routes to the plasma membrane in dendrites are shown. For simplicity
post-Golgi carriers are not shown. In the canonical secretory route (yellow arrows) cargoes can be synthetized and exported from the somatic endoplasmic reticulum
(ER) and transported through the ER-to-Golgi intermediate compartment (ERGIC) in the cell body to the perinuclear Golgi apparatus (1). Alternatively they can be
exported distally in the dendritic ER and use long-haul ER-to-Golgi transport (2, dashed lines) to reach the somatic Golgi apparatus. Several possibilities of local
secretory trafficking coexist in neurons (pink arrows): protein cargoes can be synthetized within the rough endoplasmic reticulum (RER) in somas and be transported
over long-distances through the dendritic smooth endoplasmic reticulum (SER). They can then be preferentially exported from the ER at dendritic branching points (3)
or synapses (4) where local zones of ER complexity confine cargo mobility and would favor secretion through GOPs. Cargo proteins can be also synthetized in
ER-associated ribosomes in dendrites and transported locally using satellite GOPs. Export to GOPs will occur mainly at dendritic branching points (5) and synaptic
contacts (6) where they are enriched and seems to support the dynamics of dendritic arborization and the synaptic delivery of neurotransmitter receptors respectively.
Additionally, cargoes can use long-haul ER-to-Golgi transport before reaching GOPs (pink dashed lines). Subsequently, synaptic activity may restrict the scale of
post-ER trafficking. Therefore, cargoes can be exported from the dendritic ER far away from GOPs (7) or from the somatic ER and travel in post-ER carriers to GOPs
(8). Some more hypothetical secretory routes are also depicted (red arrows): the presence of single-compartment GOPs raises the possibility that particular cargoes
may use only one Golgi compartment (cis, medial, or trans) in their way to the plasma membrane (9). Alternatively, they may sequentially use separated Golgi
compartments before reaching their final destination (10). These options may increase the diversity of posttranslational modifications patterns of cargoes. Additionally,
the ER dynamically explores the neck of dendritic spines, suggesting that cargoes may be transferred directly or indirectly from the ER to synapses within spines (11).
Indeed, a specialization of the ER, called spine apparatus, has been reported in spines. Finally, GOPs formation may be driven by fission from the perinuclear Golgi,
which would then be transported to remote areas, allowing the transport of large cargo loads within fissioned Golgi stacks to distal dendrites.
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transport to the cell surface (Presley et al., 1997; Scales et al.,
1997). In neurons, live-cell imaging have shown that GFP-
tagged VSVGts045 is exported from the dER and a fraction
of post-ER carriers are fused with GOPs (Horton and Ehlers,
2003), suggesting that protein processing and secretion can
be carried out far from the soma. Importantly, blocking Golgi
export at 20◦C accumulates VSVGts045 in dendritic branching
points in primary neurons (Horton et al., 2005; Cui-Wang et al.,
2012). Mannosidase II-positive GOPs are enriched in dendritic
branching points of Drosophila neurons in vivo and their photo-
ablation inhibits the dynamics of extension and retraction of
dendritic branches. This suggests that GOPs locally support the
membrane turnover required for dendritic remodeling (Ye et al.,
2007), although this may also be explained by an indirect effect
on microtubules polymerization in dendritic branching points
(Ori-McKenney et al., 2012; Nguyen et al., 2014; Zhou et al.,
2014). Nevertheless, in mammalian neurons, Golgi-dependent
trafficking supports dendrites outgrowth and the complete
biosynthetic machinery is enriched in dendritic branch points
(Cui-Wang et al., 2012; Horton et al., 2005). Indeed, ER and
Golgi export of VSVGts045 occurs preferentially in dendritic
branching points (Cui-Wang et al., 2012; Horton et al., 2005)
and local ER-release of a light-controlled VSVG leads to its
accumulation within branch points, presumably in GOPs (Chen
et al., 2013). Moreover, dendritic branching points represent hot
spots of exocytosis for VAMP2 (Cui-Wang et al., 2012).
VSVGts045 has been essential to unravel dendritic secretory
routes, but it is an exogenous protein that represents only one
category of cargo, limiting further physiological interpretations.
Diverse cargo proteins needs dedicated routes to specifically
manage their transport (Boncompain and Perez, 2013). For
example, in contrast to VSVGts045, the voltage-gated potassium
channel Kv4.2, which is crucial for the repolarization phase of
action potentials, binds to its auxiliary subunit KChIP1 and traffic
in COPI-dependent and COPII-independent post-ER carriers
(Hasdemir et al., 2005). In hippocampal neurons, KChIP1
accumulates in GOPs (Hasdemir et al., 2005), highlighting
the relevance of studying not only model cargos but also
neuronal relevant proteins. Another neuronal cargo is the brain-
derived neurotrophic factor (BDNF), which has major roles in
neuron survival, differentiation, dendritic outgrowth, synaptic
formation, and memory. At 20◦C BDNF localizes in both the
somatic Golgi and GOPs (Horton and Ehlers, 2003) suggesting
that remote BDNF secretion could locally regulate synaptic
remodeling in nearby dendritic territories.
Biosynthesis at- and transport through- the dER is closely
linked to local trafficking, constituting an early stage of protein
sorting and synaptic regulation of membrane trafficking (Aridor
et al., 2004; Jeyifous et al., 2009; Ramírez and Couve, 2011; Cui-
Wang et al., 2012; Valenzuela et al., 2014). An example is the
subunit α7 of nicotinic acetylcholine receptor, the trafficking
of which can be locally coordinated in dendrites ER: at high
levels, the Ric3 chaperone promotes ER retention and transport
of α7-receptors within the dER, while at low levels it stimulates
the assembly, ER release and surface expression of α7-receptors
(Alexander et al., 2010). Another example is the GABAB receptor
(GABABR), an heterodimeric G protein-coupled receptor
(GPCRs) that regulates the slow and tonic inhibition in the
brain. The GABAB1 subunit has an ER retention signal (Margeta-
Mitrovic et al., 2000), which allows its long-range transport
through the dER by a mechanism that, in addition to diffusion,
involves microtubule-dependent transport (Ramírez et al., 2009;
Valenzuela et al., 2014). The GABABR traffics through both
somatic and dendritic Golgi to the somatodendritic membrane
(Valenzuela et al., 2014). Visualization of synchronized ER-to-
Golgi trafficking of a GABAB1 mutant that lacks of the ER
retention signals, revealed carriers traveling over a long distance
prior to fusion with GOPs, suggesting that local dER export does
not necessarily determine a local trafficking through GOPs and
that different spatial ranges of ERGIC transport can regulate the
local protein supply (Hanus et al., 2014; Valenzuela et al., 2014).
It has been proposed that bidirectional ER-to-Golgi transport
constitutes a checkpoint to modulate the balance between local
vs. long-range trafficking in dendrites (Hanus et al., 2014).
The serotonin receptor 5-HT1AR, which is a main target of
psychotropic and antidepressant molecules, is transported to
dendrites in a complex with Yip1A, Rab6 and molecular motors
Kif5B and dynein (Carrel et al., 2008; Al Awabdh et al.,
2012) suggesting that ER-to-GOPs trafficking is necessary for
the transport of 5-HT1AR to distal dendrites. It interacts with
Yif1B that regulates specifically its anterograde ER-to-Golgi
transport (Alterio et al., 2015). Interestingly, the amyotrophic
lateral sclerosis related protein VAPB interacts with Yif1A.
Although knockdown of either VAPB or Yif1A does not affects
5-HT1AR transport, both proteins are required for the trafficking
to dendrites of the transmembrane protein GFP-CD8 and for
normal dendrite morphology (Kuijpers et al., 2013).
A fundamental issue is whether canonical and local routes
present selectivity for a particular subset of cargoes. For
example, AMPARs seems to be sorted apart from NMDA
receptors (NMDARs) within the somatic ER. NMDARs are then
transported by the kinesin Kif17 in a dER subcompartment as a
complex with scaffold proteins CASK and SAP97, which leads to
the exclusive fusion of pre-Golgi NMDARs carriers with GOPs
(Jeyifous et al., 2009). Consistent with this local route, NMDARs
accumulate in dendritic ERES far away from the soma after
group I metabotropic glutamate receptors (mGluRs) stimulation
(Aridor et al., 2004). Activity-dependent control of mRNA
splicing or interaction with the chaperone BIP (for NR1 or
GluN2A subunits respectively) regulates the supply of NMDARs
from the dER to synapses, which is relevant for memory
formation (Mu et al., 2003; Zhang et al., 2015). In contrast,
AMPARs seem to use specifically the canonical secretory route
(Jeyifous et al., 2009). This specific sorting seems to depend on
the conformation of the MAGUK-family protein SAP97, which
associates with AMPARs early in the secretory pathway (Sans
et al., 2001). Upon CASK binding, the conformation of SAP97
is altered, allowing its association to NMDARs and their sorting
to GOPs (Jeyifous et al., 2009; Lin et al., 2013). ADAM10, the
enzyme responsible for the α-secretase cleavage that prevents the
formation of β–amyloid in neurons, associates with SAP97 in a
protein kinase C (PKC) dependent fashion, which is essential for
ADAM10 trafficking fromGOPs to synapses, but not from the ER
to GOPs (Saraceno et al., 2014). Importantly, regulatory proteins
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seem to be involved in the local transport of several cargos.
For example, Kif17 participates to the transport of NMDARs,
Kv4.2 and VSVGts045 (Setou et al., 2000; Chu et al., 2006; Hanus
et al., 2014), raising the question of whether Kif17 is a main
microtubule-dependent motor for pre-Golgi carriers during local
trafficking. It will be interesting to examine if other Kif17 cargoes
such as kainate receptors, also use local trafficking (Kayadjanian
et al., 2007).
An outstanding question is whether the usage of GOPs is
a wide mechanism for dendritic membrane transport. Notably,
BDNF, VSVGts045, and GABABRs have been shown to be able
to use both canonical and local trafficking paths (Horton and
Ehlers, 2003; Valenzuela et al., 2014). An attractive possibility
is that synaptic activity modulates the alternative usage of these
pathways. In this context, mGluRs signaling locally confines
the cargo mobility within the dER, increasing secretion by a
mechanism involving PKC and the ER protein CLIMP63 (Cui-
Wang et al., 2012). Similarly, ionotropic glutamate receptor
activation restricts the spatial range of post-ER carriers transport
in a CaMKII and Kif17 dependent fashion. This increases
VSVGts045 delivery to the plasma membrane, with a minor effect
on cargo diffusion within the dER (Cui-Wang et al., 2012; Hanus
et al., 2014), revealing a functional link between synaptic activity
and the early secretory pathway in dendrites.
Generating the Trafficking Diversity: GOPs
Biogenesis
GOPs formation is developmentally regulated in hippocampal
neurons, meaning that it steadily increases during neuronal
growth and differentiation (Horton and Ehlers, 2003; Horton
et al., 2005). Two main options could explain the biogenesis
of GOPs: (i) a local GOPs production from the dER or (ii)
a somatic Golgi fragmentation and subsequent dispersion into
dendrites. Recently, it has been shown that GOPs destined to
the major dendrite are generated by a sequential process that
involves polarized deployment and fission of tubules derived
from the somatic GA, which are then transported and condensed
in dendrites (Quassollo et al., 2015). In Drosophila neurons
GOPs are transported by dynein through their interaction with
the golgin Lava lamp (Lva; Ye et al., 2007; Zheng et al.,
2008). Parkinson’s disease-associated kinase Lrrk binds to-
and phosphorylates Lva, inhibiting GOPs movement due to
Lva/dynein dissociation (Lin et al., 2015). GOPs formation is
controlled by the RhoA-Rock pathway through key components
of the Golgi fission machinery, including the kinases LIMK1 and
PKD1 which regulate the activity of the actin dynamizing factor
Cofilin, its activating phosphatase slingshot-1, and dynamin-2
(Quassollo et al., 2015). Activation or inactivation of this pathway
within the GA regulates GOPs biogenesis.
InDrosophila neurons, GM130 is both necessary and sufficient
to generate mcGOPs (Zhou et al., 2014). Interestingly, scGOPs
move faster than mcGOPs raising the question of whether
GM130 is needed for GOPs transport or for condensation in
dendrites (Zhou et al., 2014). During GOPs generation, some
Golgi-emanating tubules contain markers of proximal and distal
cisternae, implying that mcGOPs could be directly derived from
the somatic GA (Quassollo et al., 2015). Interestingly, the RhoA-
Rock pathway is not involved in Golgi-derived tubule formation,
elongation or polarized distribution, suggesting that additional
factors regulate these processes (Quassollo et al., 2015). Reelin
stimulates Cdc42- or α-pix- mediated GA translocation into
the apical dendrite (Matsuki et al., 2010; Meseke et al., 2013).
This seems to be essential for apical dendrite orientation and
dendritic development, suggesting that the reelin pathway may
be involved in polarized Golgi-derived tubule deployment and
GOPs generation during development (Meseke et al., 2013;
Quassollo et al., 2015). Currently, the mechanisms of GOPs
biogenesis in minor dendrites remain unknown. In this context,
the overexpression of the Golgi structural protein GRASP65
causes Golgi dispersal into multiple dendrites, without inhibiting
secretory trafficking, generating a marked reduction in the
polarity of the dendritic arbor (Horton et al., 2005). Thus, Golgi
stacking and ribbon linking may modulate GOPs formation in
minor dendrites.
Projections
The multiplicity of GOPs compositions confers a range of
possibilities for routing different cargoes, contributing to
diversify their output in terms of dynamics, localization, and
post-translational modifications patterns. How to balance the
usage of canonical and local routes and what determines the
specific use of local routes, or the trafficking through a scGOP,
are outstanding questions. The emerging possibility of in situ
detection of de novo synthesis of any interest protein (tom
Dieck et al., 2015), in combination with systems that allow
trafficking synchronization of specific cargoes (Rivera et al.,
2000; Boncompain et al., 2012; Chen et al., 2013) coupled
to super-resolution microscopy (Maglione and Sigrist, 2013)
will give us an unprecedented opportunity to decipher the
diversity of secretory routes in highly differentiated structures
like dendrites and axons. A fundamental issue is how trafficking
routes contribute to the synaptic function and neuronal
physiology, and conversely, how synapses control these secretory
routes. Combination of trafficking synchronization assays with
optogenetic tools for the local manipulation of synaptic activity
arise as suitable approaches to gain a better understanding of how
changes in intracellular transport events could lead to changes in
cognition, emotions, memory, and learning.
Funding
Institut Curie, CNRS, the French Agence Nationale de la
Recherche (ANR-12-BSV2-0003-01), Fondation Recherche
Médicale (DEQ20120323723), LabEx CelTisPhyBio (ANR-10-
LBX-0038 part of the IDEX PSL no. ANR-10-IDEX-0001-02; to
FP). Long-Term EMBO Fellowship (ALTF 607-2015) co-funded
by the European Commission FP7 (Marie Curie Actions,
LTFCOFUND2013, GA-2013-609409; to JIV).
Frontiers in Neuroscience | www.frontiersin.org 5 October 2015 | Volume 9 | Article 358
Valenzuela and Perez Intracellular transport in neurons
References
Al Awabdh, S., Miserey-Lenkei, S., Bouceba, T., Masson, J., Kano, F., Marinach-
Patrice, C., et al. (2012). A new vesicular scaffolding complex mediates the G-
protein-coupled 5-HT1A receptor targeting to neuronal dendrites. J. Neurosci.
32, 14227–14241. doi: 10.1523/JNEUROSCI.6329-11.2012
Alexander, J. K., Sagher, D., Krivoshein, A. V., Criado, M., Jefford, G., and
Green, W. N. (2010). Ric-3 promotes alpha7 nicotinic receptor assembly and
trafficking through the ER subcompartment of dendrites. J. Neurosci. 30,
10112–10126. doi: 10.1523/JNEUROSCI.6344-09.2010
Alterio, J., Masson, J., Diaz, J., Chachlaki, K., Salman, H., Areias, J., et al. (2015).
Yif1B is involved in the Anterograde traffic pathway and the Golgi Architecture.
Traffic 16, 978–993. doi: 10.1111/tra.12306
Appenzeller-Herzog, C., and Hauri, H. P. (2006). The ER-Golgi intermediate
compartment (ERGIC): in search of its identity and function. J. Cell Sci. 119,
2173–2183. doi: 10.1242/jcs.03019
Aridor, M., and Fish, K. N. (2009). Selective targeting of ER exit sites supports axon
development. Traffic 10, 1669–1684. doi: 10.1111/j.1600-0854.2009.00974.x
Aridor, M., Guzik, A. K., Bielli, A., and Fish, K. N. (2004). Endoplasmic reticulum
export site formation and function in dendrites. J. Neurosci. 24, 3770–3776. doi:
10.1523/JNEUROSCI.4775-03.2004
Ben-Tekaya, H., Miura, K., Pepperkok, R., and Hauri, H. P. (2005). Live imaging
of bidirectional traffic from the ERGIC. J. Cell Sci. 118(Pt 2), 357–367. doi:
10.1242/jcs.01615
Boncompain, G., Divoux, S., Gareil, N., de Forges, H., Lescure, A., Latreche, L.,
et al. (2012). Synchronization of secretory protein traffic in populations of cells.
Nat. Methods 9, 493–498. doi: 10.1038/nmeth.1928
Boncompain, G., and Perez, F. (2013). The many routes of Golgi-dependent
trafficking.Histochem. Cell Biol. 140, 251–260. doi: 10.1007/s00418-013-1124-7
Bradke, F., and Dotti, C. G. (1997). Neuronal polarity: vectorial cytoplasmic
flow precedes axon formation. Neuron 19, 1175–1186. doi: 10.1016/S0896-
6273(00)80410-9
Broadwell, R. D., and Cataldo, A. M. (1983). The neuronal endoplasmic
reticulum: its cytochemistry and contribution to the endomembrane system.
I. Cell bodies and dendrites. J. Histochem. Cytochem. 31, 1077–1088. doi:
10.1177/31.9.6309951
Broutman, G., and Baudry, M. (2001). Involvement of the secretory pathway for
AMPA receptors in NMDA-induced potentiation in hippocampus. J. Neurosci.
21, 27–34.
Carrel, D., Masson, J., Al Awabdh, S., Capra, C. B., Lenkei, Z., Hamon, M., et al.
(2008). Targeting of the 5-HT1A serotonin receptor to neuronal dendrites is
mediated by Yif1B. J. Neurosci. 28, 8063–8073. doi: 10.1523/JNEUROSCI.4487-
07.2008
Chen, D., Gibson, E. S., and Kennedy, M. J. (2013). A light-triggered protein
secretion system. J. Cell Biol. 201, 631–640. doi: 10.1083/jcb.201210119
Chu, P. J., Rivera, J. F., and Arnold, D. B. (2006). A role for Kif17 in transport of
Kv4.2. J. Biol. Chem. 281, 365–373. doi: 10.1074/jbc.M508897200
Cooney, J. R., Hurlburt, J. L., Selig, D. K., Harris, K. M., and Fiala, J. C. (2002).
Endosomal compartments serve multiple hippocampal dendritic spines from
a widespread rather than a local store of recycling membrane. J. Neurosci. 22,
2215–2224.
Cui-Wang, T., Hanus, C., Cui, T., Helton, T., Bourne, J., Watson, D., et al. (2012).
Local zones of endoplasmic reticulum complexity confine cargo in neuronal
dendrites. Cell 148, 309–321. doi: 10.1016/j.cell.2011.11.056
Farquhar, M. G., and Palade, G. E. (1998). The Golgi apparatus: 100 years
of progress and controversy. Trends Cell Biol. 8, 2–10. doi: 10.1016/S0962-
8924(97)01187-2
Gardiol, A., Racca, C., and Triller, A. (1999). Dendritic and postsynaptic protein
synthetic machinery. J. Neurosci. 19, 168–179.
Hanus, C., Kochen, L., Tom Dieck, S., Racine, V., Sibarita, J. B., Schuman, E. M.,
et al. (2014). Synaptic control of secretory trafficking in dendrites. Cell Rep. 7,
1771–1778. doi: 10.1016/j.celrep.2014.05.028
Hasdemir, B., Fitzgerald, D. J., Prior, I. A., Tepikin, A. V., and Burgoyne, R. D.
(2005). Traffic of Kv4 K+ channels mediated by KChIP1 is via a novel post-ER
vesicular pathway. J. Cell Biol. 171, 459–469. doi: 10.1083/jcb.200506005
Holt, C. E., and Schuman, E. M. (2013). The central dogma decentralized: new
perspectives on RNA function and local translation in neurons. Neuron 80,
648–657. doi: 10.1016/j.neuron.2013.10.036
Horton, A. C., and Ehlers, M. D. (2003). Dual modes of endoplasmic reticulum-
to-Golgi transport in dendrites revealed by live-cell imaging. J. Neurosci. 23,
6188–6199.
Horton, A. C., and Ehlers, M. D. (2004). Secretory trafficking in neuronal
dendrites. Nat. Cell Biol. 6, 585–591. doi: 10.1038/ncb0704-585
Horton, A. C., Rácz, B., Monson, E. E., Lin, A. L., Weinberg, R. J., and
Ehlers, M. D. (2005). Polarized secretory trafficking directs cargo for
asymmetric dendrite growth and morphogenesis. Neuron 48, 757–771. doi:
10.1016/j.neuron.2005.11.005
Jeyifous, O., Waites, C. L., Specht, C. G., Fujisawa, S., Schubert, M., Lin, E. I.,
et al. (2009). SAP97 and CASK mediate sorting of NMDA receptors through
a previously unknown secretory pathway. Nat. Neurosci. 12, 1011–1019. doi:
10.1038/nn.2362
Johannes, L., and Popoff, V. (2008). Tracing the retrograde route in protein
trafficking. Cell 135, 1175–1187. doi: 10.1016/j.cell.2008.12.009
Kayadjanian, N., Lee, H. S., Piña-Crespo, J., and Heinemann, S. F. (2007).
Localization of glutamate receptors to distal dendrites depends on subunit
composition and the kinesin motor protein KIF17. Mol. Cell. Neurosci. 34,
219–230. doi: 10.1016/j.mcn.2006.11.001
Kennedy, M. J., and Ehlers, M. D. (2006). Organelles and trafficking
machinery for postsynaptic plasticity. Annu. Rev. Neurosci. 29, 325–362. doi:
10.1146/annurev.neuro.29.051605.112808
Krijnse-Locker, J., Parton, R. G., Fuller, S. D., Griffiths, G., and Dotti, C. G.
(1995). The organization of the endoplasmic reticulum and the intermediate
compartment in cultured rat hippocampal neurons. Mol. Biol. Cell 6,
1315–1332. doi: 10.1091/mbc.6.10.1315
Kuijpers, M., Yu, K. L., Teuling, E., Akhmanova, A., Jaarsma, D., and Hoogenraad,
C. C. (2013). The ALS8 protein VAPB interacts with the ER-Golgi recycling
protein YIF1A and regulates membrane delivery into dendrites. EMBO J. 32,
2056–2072. doi: 10.1038/emboj.2013.131
Lin, C. H., Li, H., Lee, Y. N., Cheng, Y. J., Wu, R. M., and Chien, C. T. (2015). Lrrk
regulates the dynamic profile of dendritic Golgi outposts through the golgin
Lava lamp. J. Cell Biol. 210, 471–483. doi: 10.1083/jcb.201411033
Lin, E. I., Jeyifous, O., and Green, W. N. (2013). CASK regulates SAP97
conformation and its interactions with AMPA and NMDA receptors.
J. Neurosci. 33, 12067–12076. doi: 10.1523/JNEUROSCI.0816-13.2013
Maglione, M., and Sigrist, S. J. (2013). Seeing the forest tree by tree: super-
resolution light microscopy meets the neurosciences. Nat. Neurosci. 16,
790–797. doi: 10.1038/nn.3403
Margeta-Mitrovic, M., Jan, Y. N., and Jan, L. Y. (2000). A trafficking checkpoint
controls GABA(B) receptor heterodimerization. Neuron 27, 97–106. doi:
10.1016/S0896-6273(00)00012-X
Martone, M. E., Zhang, Y., Simpliciano, V. M., Carragher, B. O., and
Ellisman, M. H. (1993). Three-dimensional visualization of the smooth
endoplasmic reticulum in Purkinje cell dendrites. J. Neurosci. 13,
4636–4646.
Matsuki, T., Matthews, R. T., Cooper, J. A., van der Brug, M. P., Cookson, M. R.,
Hardy, J. A., et al. (2010). Reelin and Stk25 have opposing roles in neuronal
polarization and dendritic Golgi deployment. Cell 143, 826–836. doi: 10.1016/j.
cell.2010.10.029
Meseke, M., Rosenberger, G., and Förster, E. (2013). Reelin and Cdc42/Rac1
guanine nucleotide exchange factor αPIX/Arhgef6 promote dendritic Golgi
translocation in hippocampal neurons. Eur. J. Neurosci. 37, 1404–1412. doi:
10.1111/ejn.12153
Mu, Y., Otsuka, T., Horton, A. C., Scott, D. B., and Ehlers, M. D. (2003). Activity-
dependent mRNA splicing controls ER export and synaptic delivery of NMDA
receptors. Neuron 40, 581–594. doi: 10.1016/S0896-6273(03)00676-7
Newpher, T. M., and Ehlers, M. D. (2008). Glutamate receptor
dynamics in dendritic microdomains. Neuron 58, 472–497. doi:
10.1016/j.neuron.2008.04.030
Nguyen, M. M., McCracken, C. J., Milner, E. S., Goetschius, D. J., Weiner,
A. T., Long, M. K., et al. (2014). γ-Tubulin controls neuronal microtubule
polarity independently of Golgi outposts. Mol. Biol. Cell 25, 2039–2050. doi:
10.1091/mbc.E13-09-0515
Ori-McKenney, K. M., Jan, L. Y., and Jan, Y. N. (2012). Golgi outposts shape
dendrite morphology by functioning as sites of acentrosomal microtubule
nucleation in neurons. Neuron 76, 921–930. doi: 10.1016/j.neuron.2012.
10.008
Frontiers in Neuroscience | www.frontiersin.org 6 October 2015 | Volume 9 | Article 358
Valenzuela and Perez Intracellular transport in neurons
Pierce, J. P., Mayer, T., and McCarthy, J. B. (2001). Evidence for a satellite
secretory pathway in neuronal dendritic spines. Curr. Biol. 11, 351–355. doi:
10.1016/S0960-9822(01)00077-X
Presley, J. F., Cole, N. B., Schroer, T. A., Hirschberg, K., Zaal, K. J., and Lippincott-
Schwartz, J. (1997). ER-to-Golgi transport visualized in living cells. Nature 389,
81–85. doi: 10.1038/38891
Quassollo, G., Wojnacki, J., Salas, D. A., Gastaldi, L., Marzolo, M. P., Conde,
C., et al. (2015). A RhoA signaling pathway regulates dendritic golgi outpost
formation. Curr. Biol. 25, 971–982. doi: 10.1016/j.cub.2015.01.075
Ramírez, O. A., and Couve, A. (2011). The endoplasmic reticulum and protein
trafficking in dendrites and axons. Trends Cell Biol. 21, 219–227. doi:
10.1016/j.tcb.2010.12.003
Ramírez, O. A., Vidal, R. L., Tello, J. A., Vargas, K. J., Kindler, S., Härtel,
S., et al. (2009). Dendritic assembly of heteromeric GABAB receptor
subunits in hippocampal neurons. J. Biol. Chem. 284, 13077–13085. doi:
10.1074/jbc.M900575200
Rivera, V. M., Wang, X., Wardwell, S., Courage, N. L., Volchuk, A., Keenan,
T., et al. (2000). Regulation of protein secretion through controlled
aggregation in the endoplasmic reticulum. Science 287, 826–830. doi:
10.1126/science.287.5454.826
Sans, N., Racca, C., Petralia, R. S., Wang, Y. X., McCallum, J., and Wenthold,
R. J. (2001). Synapse-associated protein 97 selectively associates with a subset
of AMPA receptors early in their biosynthetic pathway. J. Neurosci. 21,
7506–7516.
Saraceno, C., Marcello, E., Di Marino, D., Borroni, B., Claeysen, S., Perroy,
J., et al. (2014). SAP97-mediated ADAM10 trafficking from Golgi outposts
depends on PKC phosphorylation. Cell Death Dis. 5:e1547. doi: 10.1038/cddis.
2014.492
Scales, S. J., Pepperkok, R., and Kreis, T. E. (1997). Visualization of ER-to-Golgi
transport in living cells reveals a sequential mode of action for COPII and
COPI. Cell 90, 1137–1148. doi: 10.1016/S0092-8674(00)80379-7
Setou, M., Nakagawa, T., Seog, D. H., and Hirokawa, N. (2000). Kinesin
superfamily motor protein KIF17 and mLin-10 in NMDA receptor-containing
vesicle transport. Science 288, 1796–1802. doi: 10.1126/science.288.5472.1796
Spacek, J., and Harris, K. M. (1997). Three-dimensional organization of smooth
endoplasmic reticulum in hippocampal CA1 dendrites and dendritic spines of
the immature and mature rat. J. Neurosci. 17, 190–203.
tom Dieck, S., Kochen, L., Hanus, C., Heumüller, M., Bartnik, I., Nassim-Assir, B.,
et al. (2015). Direct visualization of newly synthesized target proteins in situ.
Nat. Methods 12, 411–414. doi: 10.1038/nmeth.3319
Torre, E. R., and Steward, O. (1996). Protein synthesis within dendrites:
glycosylation of newly synthesized proteins in dendrites of hippocampal
neurons in culture. J. Neurosci. 16, 5967–5978.
Tsukita, S. I., and Ishikawa, H. (1976). Three-dimensional distribution of smooth
endoplasmic reticulum in myelinated axons. J. Electron Microsc. (Tokyo). 25,
141–149.
Valenzuela, J. I., Jaureguiberry-Bravo, M., Salas, D. A., Ramírez, O. A., Cornejo, V.
H., Lu, H. E., et al. (2014). Transport along the dendritic endoplasmic reticulum
mediates the trafficking of GABAB receptors. J. Cell Sci. 127(Pt 15), 3382–3395.
doi: 10.1242/jcs.151092
Ye, B., Zhang, Y., Song, W., Younger, S. H., Jan, L. Y., and Jan, Y. N. (2007).
Growing dendrites and axons differ in their reliance on the secretory pathway.
Cell 130, 717–729. doi: 10.1016/j.cell.2007.06.032
Zhang, X. M., Yan, X. Y., Zhang, B., Yang, Q., Ye, M., Cao, W., et al. (2015).
Activity-induced synaptic delivery of the GluN2A-containing NMDA receptor
is dependent on endoplasmic reticulum chaperone Bip and involved in fear
memory. Cell Res. 25, 818–836. doi: 10.1038/cr.2015.75
Zheng, Y., Wildonger, J., Ye, B., Zhang, Y., Kita, A., Younger, S. H., et al. (2008).
Dynein is required for polarized dendritic transport and uniform microtubule
orientation in axons. Nat. Cell Biol. 10, 1172–1180. doi: 10.1038/ncb1777
Zhou, W., Chang, J., Wang, X., Savelieff, M. G., Zhao, Y., Ke, S., et al. (2014).
GM130 is required for compartmental organization of dendritic golgi outposts.
Curr. Biol. 24, 1227–1233. doi: 10.1016/j.cub.2014.04.008
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 Valenzuela and Perez. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Neuroscience | www.frontiersin.org 7 October 2015 | Volume 9 | Article 358
